While artificial intelligence (AI) and other automation technologies might lead to enormous progress in healthcare, they may also have undesired consequences for people working in the field. In this interdisciplinary study, we capture empirical evidence of not only what healthcare work could be automated, but also what should be automated. We quantitatively investigate these research questions by utilizing probabilistic machine learning models trained on thousands of ratings, provided by both healthcare practitioners and automation experts. Based on our findings, we present an analytical tool (Automatability-Desirability Matrix) to support policymakers and organizational leaders in developing practical strategies on how to harness the positive power of automation technologies, while accompanying change and empowering stakeholders in a participatory fashion.
Introduction
From improving diagnostic quality (Gulshan et al., 2019) to enhancing accuracy of treatment outcome predictions (Koutsouleris et al., 2016) , artificial intelligence (AI) is already having lifechanging impact in healthcare. As AI technologies become more ubiquitous, their effects are likely to amplify and have a large economic impact. According to recent estimates, healthcare is one of the sectors with the largest economic potential of applied AI (Rao & Verweij, 2017) .
At the same time, there is strong public concern that AI and other technologies enabling automation will lead to undesirable substitution of human labour. In other words, while automation technologies might lead to enormous progress in the quality and efficiency of healthcare products and services, they may have undesired consequences for people in the field (Frey, 2019) . Therefore, in the present study, we not only address the question "What could be automated?", but also "What should be automated?".
Previous studies have investigated the automatability of entire occupations (Frey & Osborne, 2017) , and their constituent work activities Manyika et al., 2017) from the viewpoint of technical experts from science and industry. To the best of our knowledge, our study is the first to make automatability predictions based on empirical data from domain experts, i.e., practitioners actually working in the field. Spending a large portion of their lifetime performing the examined activities and being members of their specialized scientific and professional communities, healthcare practitioners have domain-specific insights into the automatability of their work that technical experts don't. Conversely, the latter have technical insight in the general automatability of work that domain experts don't. Therefore, we utilize predictive machine learning models for both groups and compare perspectives.
As a secondary contribution, and an equally important research question, we introduce an empirical investigation of the desirability of automation of activities in the domain of research. We directly survey healthcare professionals, i.e. the people affected, on how desirable the full automation of individual work activities would be, and similarly build a predictive model over all activities performed by healthcare professionals.
Based on our findings, we present an analytical tool, Automatability-Desirability Matrix (AD Matrix), to support policymakers and organizational leaders in developing practical strategies on how to harness the positive power of AI and other automation technologies, while accompanying change and empowering stakeholders in a participatory fashion.
Data and Methods
Survey Data We recruited 150 practitioners from a variety of healthcare professions. The ethics committee of the University of Oxford approved the study and all participants gave informed consent. An online questionnaire presented healthcare experts with activities routinely performed by somebody of their profession and asked their opinion on how automatable these activities are today (using currently available technology), and how desirable the complete automation of these activities would be.
The technical experts analyzed were participants of the study by Duckworth et al. (2019) , where 156 academic and industry experts in machine learning, robotics, intelligent systems, and operations research were surveyed. The online questionnaire used for surveying healthcare experts differed insofar as we directly asked for work activity ratings whereas Duckworth et al. (2019) asked for task ratings and indirectly inferred activity scores. This novelty potentially improves the reliability of our data and therefore the quality of the resulting prediction models.
Both groups of experts answered the following question: "Do you believe that technology exists today that could automate these tasks?" by labeling each activity (healthcare experts) or task (technical experts) as either: Not automatable today (score of 1.0), Mostly not automatable today (human does most of it) (2.0), Could be mostly automated today (human still needed) (3.0), Completely automatable today (4.0), or Unsure. Domain experts were asked to label all work activities of their particular occupation, whereas technical experts were presented with five occupations and their five "most important" constituent tasks.
Healthcare experts were additionally asked how desirable the complete automation of their work activities would be: "For you, how desirable would it be, if the following activities could be completely automated?": Very undesirable (1.0), Undesirable (2.0), Desirable (3.0), Very desirable (4.0), Unsure.
Classification of occupations, work activities, and tasks were all derived from the O*NET database (National Center for O*NET Development, 2016), as provided by the US Department of Labor.
Machine Learning Model with Uncertainty
We seek a flexible function estimation capable of modeling complex, non-linear relationships between features of work, and the automatability and desirability of that work. Given that we are modeling subjective human preferences we also desire a measure of model uncertainty. The key idea, as described in Duckworth et al. (2019) , is to transform the occupational-level characteristics x o relating to 35 skills, 33 knowledge areas and 52 abilities required to perform an occupation, into representative feature vectors for each work activity,
The surveyed healthcare professionals provided 2 608 ratings of how automatable their work activities are, and 2 278 ratings of how desirable full automation would be. We combined each activity's multiple domain expert labels using Independent Bayesian Classifier Combination (IBCC), a principled Bayesian approach to combine multiple classifications (Kim & Ghahramani, 2012; Simpson et al., 2013) . IBCC creates a posterior prediction over class labels that reflects the individual labelers' tendencies to agree with others over ultimately chosen label values.
In line with Duckworth et al. (2019) we trained a Gaussian Process (GP) with an ordinal likelihood function (Chu & Ghahramani, 2005) using GPFlow (Matthews et al., 2017) to reflect the nature of having discrete labels with an ordinal interpretation on uncertain data. A kernel density estimate of the expert ordinal data for both automatability (blue) and desirability of automation (orange) is presented in Figure 1 (left).
Results & Discussion
We used the ordinal GP models to infer the automatability and desirability of automation for all healthcare work activities (N = 191) 2 . We allowed the GP posterior mean to correct/update our experts' opinions, inspired by similar work at the occupational level by Frey & Osborne (2017) . Table 1 reports the three work activities with the highest and lowest automatability (top) and desirability of automation scores (bottom) inferred by our probabilistic model. For an extended table see Appendix A. Automatability of Work Activities Overall, we found that technical experts are more optimistic than healthcare domain experts regarding the current potential for automatability of work (µ, σ = (2.54, 0.47) vs (2.26, 0.18): p < 0.0001). The predictions of the domain experts' model had a significantly lower level of predictive uncertainty than that of technical experts (µ, σ = (0.45, 0.25) vs (0.65, 0.005): p < 0.0001). Perhaps this reflects the higher inter-rater reliability of healthcare professionals, or it might be contributed to the fact that we had better label coverage around the inferred scores of the smaller test set.
Desirability of Automation With a mean prediction of 2.83 (σ = 0.44), our machine learning model indicates that healthcare practitioners are open to the full automation of many of their occupational activities (see Table 1 (bottom) or Appendix A for an extended table). However, as we present in the next section, in many instances, there is a difference between what healthcare professionals perceive could and should be automated.
Desirability of automating work activities is found to be significantly correlated with automatability itself (r: 0.29, p: < 0.0001); both inferred from domain experts' models. This small-sized effect might indicate a bias regarding personal preferences in automatability ratings or a general tendency that non-automatable work is more desirable.
Automatability-Desirability Matrix To support governments and non-governmental organizations in assessing current conditions and developing future strategies, we present the AD Matrix. We combine the automatability of work activities, inferred from the technical experts' predictive model, with the desirability of automation of those activities from the domain practitioners' model. Figure 1 (right) presents the AD Matrix.
To demonstrate the actionable insights that can be gained, we highlight particularly interesting example work activities in each of the four quadrants. 1. "Develop treatment plans for patients or clients" is an activity considered highly desirable to automate by practitioners, however current technology is still lacking. 2. "Maintain medical equipment or instruments" is considered highly desirable to automate and also technically possible to automate. 3. "Counsel clients on mental health or personal achievement" has a low desirability to automate and also remains technically very challenging to do so. 4. "Operate on patients to treat conditions" is considered an activity that can be technically automated, however there is little desire from healthcare practitioners to.
Limitations and Social Impact One limitation of our work is that we only considered the opinions of healthcare professionals regarding the desirability of automating work activities. In doing so, we make healthcare practitioners our primary stakeholders. Whereas other groups, e.g. patients, might have different preferences. We do so, as we believe practitioners spend a large part of their lifetime performing the work activities represented by the O*NET database and are central to the healthcare system. Furthermore, recent research suggests increased automation in primary healthcare is not expected to result in job losses, but instead necessary to tackle an ever increasing quantity of work (Willis et al., 2019) . Given the potential to alleviate healthcare workers from rote activities, we aim to capture their preferences to achieve better job satisfaction, which is so crucial for healthcare quality.
Secondly, we intend the AD Matrix to be used as a tool to support strategic decision making. However, as interdisciplinary researchers ourselves, we would like to stress that the findings of our work should be included in a wide range of considerations when making decisions that impact the lives of various stakeholders. Crucially, the outcomes presented in this study should not be used to drive automation in a way that is not beneficial for society in general.
Conclusion
Our study concludes that technical experts are more optimistic than healthcare domain experts regarding the current potential for automatability of healthcare work. We also observe that healthcare professionals desire a surprisingly high proportion of work activities to be fully automated.
Furthermore, we provide a tool considering human workforce preferences, the AD Matrix, for identifying work activity automatability and desirability of automation in a succinct four quadrant model that can be used for strategic guidance. We hope to have contributed to a more accurate understanding of the challenging field of healthcare automation, considering its stakeholders, with the ultimate goal of better healthcare outcomes.
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